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E-mail address: Raymund.Wellinger@UsherbrookeTelomeres protect the ends of linear chromosomes from activities that cause sequence losses or
challenge chromosome integrity. Furthermore, these ends must be hidden from detection by the
DNA damage recognition and response pathways. In particular, they must not fuse with each other.
These fundamental and very ﬁrst functions attributed to telomeres are also summarized with the
term ‘chromosome capping’. However, telomeres can become uncapped and the foremost cellular
responses to such events aim to restore genome stability in the most conservative fashion possible.
I will provide an outline of cellular responses to uncapping in budding yeast and brieﬂy discuss the
reverse, namely avoidance mechanisms that prevent telomere formation at inappropriate places.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Normally functioning telomeres are able to hide chromosome
ends from DNA damage recognition systems and this function of-
ten is referred to as ‘chromosome capping’ [1]. This capping func-
tion depends on the presence of a certain threshold amount of the
species-speciﬁc telomeric repeats at the ends of chromosomes, a
proper terminal DNA end-structure and telomere associated pro-
teins [1–4]. In terms of the underlying DNA, a special reverse trans-
criptase-like enzyme called telomerase is responsible to maintain
the repeat sequences [2,5]. However, in dividing human somatic
cells for example, there is too little telomerase activity to make
up for losses incurring at the telomeres due to the so-called end-
replication problems. Eventually this will lead to a state in which
telomeres cannot appropriately function anymore and are per-
ceived by the cells as some form of DNA damage [4]. As a ﬁrst con-
sequence, the cell cycle will be halted virtually indeﬁnitely, a
phenomenon called cellular senescence [6]. However, cells that
lose this tight cell cycle arrest control will complete further
divisions, during which the telomeres now undergo unwarranted
repair attempts which foremost lead to end-to-end fusions via a
mechanism called non-homologous end-joining (NHEJ). Fused
chromosomes are subject to re-breakage during the next mitosis
thereby being the source of a high level of genomic instability
[7]. In most cases, cells entering this pathway will be eliminatedchemical Societies. Published by E
.caby apoptosis or die from other consequences of genome instability.
Nevertheless, there are cells that can overcome this crisis and
invariably, in those now actively and indeﬁnitely dividing cells,
telomeres are re-stabilized. In most cases, this is due to an upreg-
ulation of telomerase activity, but alternative pathways for replen-
ishing telomeric repeats in telomerase-independent ways exist
[5,6,8].
Telomere uncapping then is any state in which the central and
essential function of capping is compromised. Human cells having
completed an elevated number of divisions in the absence of telo-
merase and therefore having lost major parts of telomeric DNA are
one example this state. This predetermined telomere malfunction
in human cells has been postulated to have beneﬁcial tumor sup-
pressing effects but the associated genome instability can also be
viewed as a tumor promoting activity [6]. Hence, an understanding
of the regulation and the molecular and cellular consequences of
telomere uncapping is exceedingly important if telomere biology
should serve medical purposes for cancer control and healthy aging
[7].
As many aspects of telomere biology remained remarkably con-
served throughout evolution, telomere uncapping is being investi-
gated in a variety of organisms. In this context, one of the premier
model organisms is the budding yeast Saccharomyces cerevisiae and
telomere uncapping in this yeast cells has been studied for a long
time, even if at the beginning it was not known that this was what
was studied. In the following, I will provide an overview of the cur-
rently discussed concepts on telomere uncapping in these yeast
cells and only selectively cross-reference uncapping effects in cells
of other organisms.lsevier B.V. All rights reserved.
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By deﬁnition, an absence or partial function of factors involved
in capping leads to telomere dysfunction. Such dysfunction mani-
fests itself in a number of ways; foremost are changes in the termi-
nal DNA structure. The most prominent change that almost
invariably is associated with some form of telomere dysfunction
is a change in the quality of the telomeric single-stranded over-
hang, also known as G-tail [1]. For example, a reduced amount of
the telomeric protein TRF2 causes a loss of G-tails while some spe-
ciﬁc temperature-sensitive mutations in yeast capping factors will
allow a strand speciﬁc degradation of telomeric DNA and result in
excessive G-tails [9,10]. Given the direct change in DNA structure,
physical analyses of DNA derived from these cells can indicate telo-
mere uncapping independently of their growth status, thus even
using non-dividing cell cultures. However, there also are distinct
cellular phenotypes associated with a loss of telomere function,
such as chromosome fusions, terminal deletions, translocations
and other gross chromosomal rearrangements [7,8]. Typically,
these latter take some time to develop and are assessed after some
cell divisions have occurred. It is important to recognize that a
mere change in telomere length per se is not a reliable indicator
of capping malfunction and should not be used as such. This is be-
cause telomere length can be affected in many direct and indirect
ways that are unrelated to capping itself [4]. Thus, only proteins for
which there is good evidence that they affect capping function are
considered here.Fig. 1. Proposed states of telomeres in budding yeast. The decreasing content of telome
indicated on the right of each. A barred line indicates inhibition and an arrow indicates ac
the 30-end extension; black lines: non-telomeric DNA sequences. The large question
recombination; NHEJ: non-homologous end-joining.In budding yeast, the classic capping proteins are those making
up the CST-complex (Cdc13/Stn1/Ten1, see Fig. 1, top) [11]. All
three genes are essential and if cells harbouring conditional alleles
of them are exposed to restrictive conditions, telomeres become
degraded by a progressive resection of the 50-end strand, the tell-
tale sign of capping loss [9]. The CST-complex binds to the ex-
tended single-stranded telomeric repeat DNA at the 30-end of the
chromosome with exquisite afﬁnity and recently, it has been pro-
posed that it functions as an alternative and perhaps telomere-spe-
ciﬁc Replication Protein A (RPA) [12]. This is in line with a number
of observations that implicate the CST-complex in positive and
negative regulation of telomerase mediated telomere replication
[13]. Essentially, it could be argued that the binding of the CST-
complex to the single-stranded 30-end strand is in competition
with and avoids the ends being bound by the canonical RPA, which
could elicit a DNA damage response. Furthermore, the CST-com-
plex appears to have no role in telomere capping in G1-phase of
the cell cycle [14,15], presumably because in this phase of the cell
cycle, there is very little single-stranded G-tail DNA and DNA
end-processing is repressed to favour NHEJ over Homologous
Recombination (HR) [14]. Finally, in Kluyveromyces lactis yeast
cells, mutations in Stn1 have been shown to lead to extrachromo-
somal telomeric DNA, another sign of loss of capping [16].
Another protein involved in capping is the double-stranded
telomeric DNA binding protein Rap1. Again using conditional abla-
tion alleles, it was shown that Rap1 is required for protection
against telomere-telomere fusions by NHEJ as well as againstric repeats (a–d) affects the telomere’s ability to support the capping functions, as
tivation. White ovals represent nucleosomes. Red/blue lines: telomeric repeats with
mark denotes the somewhat hypothetical nature of that state. HR: homologous
Fig. 2. Outline of the phosphorylation cascade triggering cell cycle arrest after a
DNA double-strand break has occurred. The thick red arrows indicate the major
importance of those pathways in the response. Green-circled Ps denote phosphate-
moieties added by the respective kinase. However, note that not all targets are
included. Text in blue represent the respective repair pathway activated by the
pathway. Black lines with white ovals on top: genomic DNA covered by
nucleosomes.
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functions is particularly important in G1 to counteract the activity
of the yKU-complex. Given its known positive role in NHEJ, yKU
may increase the propensity for telomere–telomere fusions and
Rap1 could be important to counteract this tendency during a per-
iod of the cell cycle, when DNA repair is prone to occur by NHEJ.
The yKU proteins contribute to telomere capping in a fashion
that is quite distinct from that of the proteins discussed further
up [3,19,20]. In budding yeast, yKU in fact has a number of func-
tions at telomeres, not all of which may be important for capping.
Nevertheless, the clear cut change in telomeric terminal DNA
structure in the absence of yKU implies a role in protection from
degradation by nucleases [20,21]. Furthermore, it is also becoming
clear that the capping functions of yKU are important in G1, when
the CST-complex becomes dispensable [18]. The MRX complex, as
well as the Rad9 and Mrc1 checkpoint mediator proteins also have
been proposed to have capping functions in budding yeast. How-
ever, these roles are slightly more difﬁcult to assess because the
capping defects so far manifest themselves only in situations
where the more classical telomere capping function already is
compromised [3,19]. It could be argued that these proteins are in-
volved in the control of the severity and dynamics of the response
to uncapping, rather than to capping itself.
It has been argued that chromosome capping allows for at least
two different states of telomeres (Fig. 1) [2,22]. Either telomeres
are near wild-type lengths and comprise an amount of telomeric
chromatin proteins that exceeds the required minimum (Fig. 1,
top). In this state, capping prevents virtually any activity at those
ends: telomeres are not recognized as DNA damage, do not cause
any checkpoint activation, do not allow DNA repair activities at
them and they are not acted upon by telomerase. Given the latter,
these telomeres will incur some sequence loss after each cell divi-
sion and eventually enter a certain state of distress (Fig. 1c). In this
state, they still protect from cell cycle arrest and DNA repair activ-
ities. However, at least to a certain extent they will be temporarily
recognized as a non-telomeric DNA end and they will be elongated
by telomerase. Increasing evidence points to the possibility that
once telomeric repeats become even shorter than the critical func-
tional length, capping may be severely compromised, but not com-
pletely abolished. This state, which is somewhat hypothetical and I
call ‘‘telomere in distress” (Fig. 1) is poorly deﬁned and quite tran-
sient in nature. Nevertheless, I think it is an important transition
state and the outcome of the recovery attempts for this state
may determine whether genome instability events ensue or the
concerned chromosome end simply is re-capped. Without any
telomeric repeats, a DNA end is recognized as a problem and the
DNA damage response will be fully engaged (Fig. 1, bottom). In
addition, in this case telomerase is not allowed access to the end,
even if the mechanisms of this inhibition are different from those
acting at long telomeres, an issue that I discuss towards the end.3. The consequence of losing caps: an identity crisis
In budding yeast cells, the observable events after both types of
accidents described further up are similar, yet there also are dis-
tinctions. In both cases, telomeres lose important aspects of one
of their deﬁning features, namely that of not being recognized as
a DNA double-strand break (DSB, Fig. 1). As a consequence, the
cells’ responses include the recruitment of DNA damage recogni-
tion proteins and the activation of a protein phosphorylation cas-
cade leading to an arrest of the cell cycle. Because of this identity
crisis it is worth considering the key factors involved in the re-
sponses to DNA damage without any telomere involved (Fig. 2).
After a DSB has occurred, the Mre11-complex composed of the
Mre11, Rad50 and Xrs2 proteins very rapidly binds the free ends[23]. Independently, the yKU-heterodimer can also associate with
those ends, but in budding yeasts lacking a DNA-PK subunit, it is
unclear whether this yKU association has any effect on cell cycle
arrest signalling. Instead, it is thought that yKU helps protect the
ends from degradation and it is required for repair by NHEJ during
G1-phase of the cell cycle [24]. The Mre11-complex will recruit the
Tel1 kinase via a Xrs2-Tel1 interaction and, in conjunction with
Sae2, also trigger an initial 50 to 30 single-stranded DNA resection
at the DSB [25–27]. The generated overhangs associate with Repli-
cation Protein A (RPA), which in turn will interact with RAD pro-
teins to initiate HR, but RPA also interacts with Ddc2/Mec1, the
latter being the major kinase responsible for signalling after DNA
damage in yeast [28,29]. The ensuing Mec1-mediated phosphory-
lation events target a number of proteins and the combined effect
will be an arrest of the cell cycle in G2/M (see Fig. 2). Both, the
Mec1 and Tel1 kinases will also modify proteins of the surrounding
chromatin, including histones, but this aspect will not be discussed
in detail here.
The arrest of the cell cycle will keep the cells from completing
mitosis with damaged chromosomes and it is thought that this
waiting period will allow appropriate repair to remove the dam-
age. However, there is also active stimulation of repair during this
time. For example, several steps of HR, including strand speciﬁc
DNA resection, are stimulated by a high S-CDK1 activity [30]. Fur-
thermore, the full activation of the cell cycle arrest triggered by a
DSB also requires S-CDK1 activity [30]. Thus, depending on when
during the cell cycle a DNA damage is detected, repair activities
may be stimulated in a differential fashion. As I will expose below,
dysfunctional or uncapped telomeres may indeed be subject to a
similar type of treatment, once they lose some degree of their
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with HR, such as the Mre11-complex, are also required for normal
telomere homeostasis, at least in late S-phase [14]. Thus, to a cer-
tain and not well deﬁned degree, uncapped as well as normal telo-
meres are treated as DNA damage and repair activities commence
to act on them. Evidently, the recognition of the proper reaction to
each of these situations or identities must be subject to very tight
regulation and the underlying mechanisms of that regulation are at
the heart of the telomere identity itself (Fig. 1). Nevertheless, given
the similarities of the initial steps of DNA end-recognition for both
types of telomeres, identity crises or errors in the respective treat-
ment may not be that rare. In the next sections, I will discuss how
telomeres may become uncapped and eventually ﬁnd a way to be
re-capped or the consequences of a permanent uncapping.4. How caps are lost: catastrophies or a slow loss of identity
A loss of telomere function in principle can occur in two differ-
ent situations. In the ﬁrst, there may still be enough telomeric
repeats at the ends of chromosomes such that at least at the
DNA-level, there are no deﬁciencies. In this case, one would have
to assume that a chromosome end speciﬁc event caused a cata-
strophic loss of capping such as an event associated with telomere
capping by one or more of the responsible proteins went astray.
For example, should the yeast CST-complex be temporarily non-
functional, even a previously normal telomere may be completely
degraded. In the second scenario, due to an insufﬁciency of telome-
rase activity, telomeric repeat DNA is lost during preceding cell
divisions and eventually there is too few telomeric DNA left to sup-
port the capping function. In human cells, both situations are
thought to occur and both have the potential to initiate serious
genomic instability [7,19].
In budding yeast, there is good evidence that accidents of the
ﬁrst class do occur also [31]. The second scenario normally is
prevented by the fact that yeast cells express all telomerase com-
ponents in a constitutive fashion. Therefore, there is no pro-
grammed telomere shortening and eventual telomere uncapping.
However, given that the genes encoding core telomerase compo-
nents such as the catalytic protein subunit and the associated
RNA, called Est2 and TLC1 respectively, have been identiﬁed, yeast
can be engineered to lack telomerase activity [32,33]. Therefore,
the second cause of capping loss still can be studied in particular
strains that are setup accordingly.
4.1. Accidental uncapping with catastrophic consequences
I consider ‘accidental uncapping’ events that occur during trans-
actions at telomeres that may cause a loss in the capping functions,
even if only temporary. Given that telomeric DNA is replicated in
S-phase, it is clear that such accidents most likely occur during this
period of the cell cycle. However, telomere segregation in M-phase
for example could also be accident prone and cause chromosomal
instability [34]. The current hypotheses for telomere homeostasis
in budding yeast state that the passage of the replication fork
through the telomeres in itself creates a unique state of transient
and partial uncapping (Figs. 2 and 3) [14]. This state, which I
speculate is particularly prominent for short telomeres, is one in
which the probability for active telomere elongation is very high
(Fig. 1) [2]. In fact, preceding elongation is an association of
the Mre11-complex and the Tel1 kinase, the action of which is
thought to be very important for initiation of lengthening [35–37].
Furthermore, in preparation for elongation, there is some extent of
50-strand resection [38,39]. Therefore, on short telomeres, a
number of steps that also occur during DSB-repair are part of the
pathway towards telomere elongation. The molecular mechanismstilting the further activities towards telomere maintenance and
away from DNA repair are not very well understood at present.
Telomere elongation in yeast is a coordinated event in which telo-
merase acts as leading strand DNA-polymerase collaborating with
the lagging strand machinery [40,41]. It is not clear what state the
capping function assumes during this elongation phase, but it must
be at least partially compromised, since it is difﬁcult to imagine
how the physical ends could be accessible for capping complexes
during this time. After a certain amount of lengthening has been
completed, it is thought that the increased association of the
Rif1/2 proteins to the telomeres will displace Tel1 from the
Mre11- complex and that this Tel1 loss may be part of the causes
for the stop of elongation [42]. An important aspect of these ideas
is the fact that many telomeres will not be acted on by telomerase
and not be elongated during a particular S-phase [2]. Nevertheless,
during replication and the passage of the replication fork, all telo-
meres will experience a transient delocalization of the telomeric
capping proteins and these same proteins should efﬁciently rebind
and recap all telomeres during a tight time window.
Capping accidents may thus occur during all of these transitions
from conventionally replicating telomeres to either elongating
telomeres and re-capping or to direct recapping. A loss of capping
during these times will cause the chromosome end to be recog-
nized as a non-telomeric DNA end and induce responses that are
similar to those acting at a DSB. As described above, particularly
on short telomeres where some initial steps involved in DSB recog-
nition and modiﬁcation are integral parts of normal telomere
maintenance, it may not take much for the balance to tilt towards
the wrong pathway. For example, one could imagine that the CST-
complex for some reason loses out in the competition with RPA to
bind to the extended 30-overhangs generated. This may cause
Ddc2/Mec1 binding and a change of pathway. Another scenario
may involve a delayed re-binding of Rap1, which may cause a
nucleosome to be placed right adjacent to the physical end of the
chromosome. Again, one might speculate that such an accident
too will be very conducive to inducing the DNA damage response
and DNA repair instead of telomere maintenance. However, it is
important to emphasize that in these cases, most likely only one
speciﬁc telomere is affected. What that means is that this loss of
capping only creates a so-called one sided break as opposed to
for example a randomly located chromosome break that creates
two ends to repair. One-sided breaks do occur at some frequencies
at the replication fork during S-phase and therefore, the recovery
mechanisms for such ends are quite efﬁcient [24,43]. For example,
the time window during which this occurs covers a phase of very
active S-CDK1, and thus the cell is already primed for repair by
homologous recombination (see Fig. 2), or by mechanisms called
Break Induced Replication (BIR) [43]. Another important consider-
ation is the fact that even if a binding of yKU to a one-sided break
could initiate a NHEJ event, there may be no other uncapped end
available for fusion. Thus repair by homologous recombination is
the much preferred pathway in this situation. Given the repetitive
nature of telomeric DNA, there also is not just one but many target
loci which can be used for such recombinatorial repair or BIR and
these accidents therefore can be reversed rather efﬁciently. Evi-
dence for such types of accidents in laboratory yeast is provided
by the presence of conserved subtelomeric elements called Y0.
Their composition and distribution on chromosome ends suggest
that they move via recombination events and therefore may reﬂect
rescued uncapping accidents [31].
Accidental uncapping during cell cycle phases other than S is
more difﬁcult to rationalize. As mentioned above, one sided breaks
are not easily dealt with by NHEJ in G1 for example and it is difﬁcult
to predict what would happen with such ends. However, from
experimentally induced uncapping in this phase of the cell cycle,
we know that a temporary loss of any member-protein of the
Fig. 3. Cell cycle dependent states of telomere capping and replication. All coloured symbols are the same as in Figs. 1 and 2.
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mere structure or cell viability [14,15]. On the other hand, an
induced loss of yKU, Rap1 or Rif-proteins in G1 induces conse-
quences at telomeres that are comparable to those observed at a
DSB, namely recognition as a DNA end and initiation of a strand
speciﬁc 50-resection [18,44]. However, this resection is relatively
slow and inefﬁcient and most likely, re-capping will occur on the
affected telomere before more dire consequences occur. Further-
more, as observed in other organisms, if the telomere is not re-
capped, inappropriate fusions still are the most likely outcome in
G1 [45].
4.2. Uncapping after telomere loss due to an absence of telomerase
In contrast to the above situations, where most likely a single
telomere becomes uncapped due to an accident in the capping
functions, in the absence of telomerase many telomeres eventually
are uncapped at the same time. As mentioned above, telomerase
will be active particularly on short telomeres and only rarely on
long ones. Thus, if this enzyme becomes limiting or is absent, prob-
lems at very short telomeres engaged in Mre11-complex/Tel1 tel-
omerase activation will occur very soon after telomerase loss.
Basically, the critically short telomeres that normally are acted
upon by telomerase incur further sequence losses and enter a state
between critically short and non-telomeric, as a DSB (see Fig. 1b–d)
[46]. The undercutting of the lowest threshold for telomere func-
tion is accompanied by a change of mind for how to repair it. While
on the critically short telomere, telomerase recruitment and acti-
vation is by far the favoured mechanism, once the lower threshold
is passed, it will be repair by HR. Further, in this situation most
canonical features of the DNA damage response are activated and
dependent on the known members of the pathway (Mec1/Ddc2,
the Rad24 RFC, the 911-complex, Rad9 and Rad53, see Fig. 2)
[46]. There is some evidence that checkpoint activation also re-
quires Mrc1, which may underscore the connection between telo-
mere replication and the conventional replication machinery [47].
However, it is important to point out that these effects most likely
are the result of many telomeres becoming uncapped at the same
time. It remains possible that a single telomere undercutting the
critically short state may not immediately be acted upon as a
DSB and elicit only a partial response which for instance would stillallow telomerase mediated lengthening, if the enzyme became
available. It is thus possible that the eventually observed conse-
quences of telomerase absence described above could be those
triggered by the combined effect of a number of telomeres entering
a state of telomere distress that is different from that of a DSB.
Nevertheless, checkpoint activation and extended cell cycle ar-
rest in telomerase lacking cells in most cases is permanent and the
cells eventually die. However, in any such culture there are cells
that do overcome this growth arrest. For budding yeast, such cul-
tures are called survivors and genetic requirements as well as anal-
yses of the DNA arrangement at the chromosome ends in those
cells distinguish two major sub-types, commonly referred to as
type I and type II [43]. In both types, extrachromosomal DNA cir-
cles are found and this DNA presumably serves to amplify subtel-
omeric Y0-elements in type I and only telomeric repeats in type II
[48]. The currently available data suggest that amongst the recom-
binatorial mechanisms, a BIR-based rolling circle replication best
explains the maintenance of telomeres in survivors [43]. The most
crucial point is that the mechanisms involved lead to a replenish-
ment of canonical telomeric repeats at the very ends and therefore
in a simpliﬁed model replace telomerase as a telomeric repeat
regenerating system. This idea allows postulating that in such cells,
a quasi normal capping state at the very ends is re-established
(Fig. 1, top and middle). In line with the hypothesis that recombi-
natorial repair is inhibited at ends with functional capping, telo-
meres in survivors are not stable. After an abrupt lengthening by
BIR, telomeric repeat tracts at any particular telomere have been
shown to shorten over many generations before a new uncapping
event may trigger a new BIR [49].
For budding yeast cells, it still is some matter of debate whether
telomerase itself has a protective role on telomeres that is distinct
from its telomere elongation activity. Telomerase-positive cells
that lack combinations of genes involved in both the Tel1 and
Mec1 signalling pathways, for example tel1D mec1D cells, were
in fact found to behave as if they were telomerase lacking strains:
they display progressive telomere shortening and display a growth
arrest phenotype that is very similar to the one observed in cells
lacking an essential component of telomerase itself [50,51]. More-
over, a speciﬁc point mutation in the catalytic subunit of telome-
rase Ets2p causes virtually indistinguishable phenotypes as a
complete deletion [52]. If telomerase had a telomere protective
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might expect to see different behaviours in these situations. These
ﬁndings do not completely exclude a capping function for telome-
rase, but its contribution would have to be quite specialized and
not easily revealed.
Although some emphasis is put on the notion that uncapped
telomeres resemble a DSB there also are very prominent differ-
ences. As mentioned above, uncapped telomeres will expose
sequences for which there are many homologous and homeolo-
gous sequences available for recombinatorial repair. Moreover,
the initial and crucial step after uncapping, namely 50–30 resection,
in most cases will expose at least a certain extent of single-
stranded telomeric sequences that are substrates of CST-binding.
Depending on the extent of resection, even some Rap1 molecules
may still remain. These factors, while presumably below the min-
imal level required for functional capping, may modulate the DNA
damage response. It is therefore possible that on telomeres with
capping accidents or on telomeres in cells lacking telomerase,
there is a special state of telomere distress that is now permissive
to any recovery event, either by telomerase, recombination or BIR
(Fig. 1). Only one telomere in this state may not induce a full cell
cycle arrest, as DNA damage recognition may be attenuated by
some CST-binding [53]. However, if many telomeres are exposed
to this state, as in telomerase lacking cells, then some limiting fac-
tor in this attenuation pathway becomes overwhelmed and a full
arrest is triggered. Yet again, on these ends any recovery event is
allowed and in rare cases, this will lead to the emergence of survi-
vors. There in fact is some evidence from telomere sequencing ap-
proaches for recovery of such telomeres in wild-type cells and one
could also argue that the distribution of the Y0-elements on telo-
meres reﬂects such events [22,31]. Given its hypothetical nature,
the precise mechanisms for how this attenuation pathway actually
works are unknown but it would be interesting to know more
about it.5. Losing caps altogether: alternative ways of capping
chromosomes
Above, I discussed the idea that the actual sequence arrange-
ments on yeast telomeres combined with the regulation of telome-
rase and recombinatorial repair have evolved to recuperate capping
accidents in the most conservative fashion, namely simply by
replenishing ormaintaining the concerned telomerewith telomeric
repeats. In this scenario, capping by canonical proteins can be re-
established without any danger of genomic rearrangements. These
ideas predict that capping proteins comprised in the CST-complex
are essential and their absence could not be tolerated. However,
this turned out not to be true. If cells are forced to maintain their
telomeres via recombination, i.e. they are in survivor mode, they
actually can lose members of the CST-complex, in particular the
Cdc13 protein [48]. Such a loss of otherwise essential capping pro-
teins is also possible if certain DNA damage checkpoint proteins and
nucleases are inactivated [54]. It has been proposed that in these
cases, cells may be surviving in a state of continuous adaptation
to DNA-damage, i.e. in a state where the normal cell cycle arrest
triggered by the DNA damage checkpoint signalling is overcome
[48]. Consistent with this idea, sequencing telomeres in these cells
revealed no particular sequence preference at the physical ends of
the chromosomes and in addition to ends still maintaining telomer-
ic repeats, there are also some without any of them (Gravel S. and
Wellinger R.J., unpublished). At present it is unclear how this
adapted state is maintained, how the checkpoint is inactivated
and how the cells survive this precarious situation. If in human cells
indeed an early event in cellular transformation towards cancerous
cells involves a period of elevated genome instability due to failingtelomere capping, some sort of related state may in fact allow cell
survival during that time and it would be interesting to learn more
about this state of life with compromised telomeric capping.
6. How to prevent putting caps onto wrong ends
Lastly, we also have to consider a reverse identity crisis, namely
that of a one- or two-sided DSB being mistaken as a telomere.
Again, this is not a farfetched idea: there is quite good evidence
that chromosome healing by telomere addition may be one of
the last resort mechanisms that will stabilize a physical DNA end
and allow re-entering cell division cycles after more conservative
mechanisms such as HR and NHEJ did not work. For budding yeast,
there is mounting evidence that indeed, even a one-sided break
during S-phase may very well temporarily associate with telomere
binding proteins and telomerase. In fact, the yeast yKU-complex
has been shown to associate with the RNA component of telome-
rase and will rapidly relocate from telomeres to sites of DNA dam-
age [55,56]. If there are potential telomeric seed sequences in the
vicinity of the break, the yKU-mediated recruitment of telomerase
could indeed cause an appreciable rate of inappropriate telomere
formation at internal sites [57]. It turns out that there are at least
two mechanisms for preventing such accidents. The ﬁrst and most
important one is based on the Pif1 helicase [58]. At a non-telomeric
end, Pif1 is activated by the Mec1-based phosphorylation cascade.
Its RNA-DNA helicase activity will then remove inappropriately en-
gaged telomerase from those sites [59]. Furthermore, the same
Mec1-dependent phsophorylation pathway also appears to modify
the DNA binding efﬁciency of Cdc13 such that very short recogni-
tion sites become very inefﬁcient for CST-association [60]. The out-
come of the combination of these effects is a relatively low
frequency of inappropriate telomere formation at a DNA end. Thus,
cases of identity crises at non-telomeric ends should be reversed in
favour of the more genome preserving repair by homologous
recombination.
Taken together, end-capping to shield off unwarranted access is
an exceedingly important characteristic of linear chromosome
ends. In cases of accidental uncapping, the system is organized to
favour a conservative recovery and re-establishment of telomeres.
Conversely, inappropriate capping at accidental chromosome
breaks also actively disfavoured. Thus, there are efﬁcient mecha-
nisms to get the chromosomes out of such identity crises and back
onto stable ground.
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